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SYNTRESIS OF PHOSPHONIC POLYESTERS BY TRANSESTERIFICATION 

Samuel Kohn* 

ABSTRACT 

The results of experiments in the preparation of phosphonic 

polyesters by three methods of transesterification (alcoholysis, 

acidolysis, and true transesterification) are presented follow- 

ing a survey of the pros and cons of the various syntheses of 

phosphonic polyesters. 

for the preparation of polyphosphonates, but polyphosphonates 

Acidolysis is the simplest technique 

of a diphenol can be prepared by the alcoholysis of a diphenyl 

phosphonate. 

never occurs. 

It is also shown that true transesterification 

When it appears to take place, what actually oc- 

curs is acidolysis by the free phosphonic acid formed by thermal 

destruction of the ethyl phosphonate used to initiate the reaction. 

I. INTRODUCTION 

The problem of synthesizing thermostable polymers which are simultaneously 

tough and chemically inert is the prime objective of modern macromolecular re- 

search. 

comprised solely of carbon, hydrogen, and oxygen atoms, polymers containing ni- 

In view of the difficulty of solving the problem with macromolecules 

trogen, silicon, and fluorine have become increasingly manifest. 

have provided their users with at least partial satisfaction. 

These polymers 

They are distin- 

guished above all by enhanced thermal stability and a high chemical inertness. 

*With the technical assistance of R. Ramain and M. D. Charrier. 
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B u t  these products have rap id ly  proven themselves inadequate, and research 

i s  being aimed more toward other  organomineral o r  mineral s t ructures .  Compounds 

of phosphorus, boron, germanium, t i tanium, aluminum, etc .  have been added t o  t h e  

realm of macromolecular chemistry. The organophosphoric der ivat ives  hold p a r -  

t i c u l a r l y  high esteem among spec ia l i s t s ,  a status t h a t  i s  well  j u s t i f i ed .  

I n  fac t ,  whereas the  binding energy of the  phosphorus-carbon bond i s  almost 

equivalent t o  t h a t  of t he  carbon-carbon bond, t he  simple phosphorus-oxygen bond 

exceeds t h e  carbon-oxygen bond by 10 kcal/mole and the  double phosphorus-oxygen 

bond (1.13 t o  140 kcal/mole) exceeds the  carbon-oxygen bond ( C  = 0) by 55 kcal/ 

mole. 

Moreover, t he  phosphorus atoms are  distinguished by a large chemical reac- 

t i v i t y  of t he  nucleophilic type. The w e l l  known a t t r i b u t e s  of thermal s t a b i l -  

i t y ,  noninf lamabi l i ty ,  occasionally noncombustibility, iner tness  with respect 

t o  numerous chemical agents are  addi t ional  v i r tues  of t he  phosphorus der ivat ives .  

The poly-phosphonates comprise one example of polymers with an organomineral 

skeleton : 

0 0 0 0  
II II II I1 

I II I II 
l t R R H  

- POR'OPOR'OPOR'OPOR'O -.  

11. PHOSPHONIC POLYESTERS 

The synthesis of phosphonic polyesters has been performed by t h e  following 

methods : 

1) Action o f  the  chlorides of phosphonic acids  on t h e  diphenols o r  

glycols i n  the presence of t i n ,  zinc,  o r  magnesium chloride (ref. 1) : 

RPOCI, + 1 4 0  <=> OlJ - 

0 - " + 2c111. I 



2) Phenolysis of a phosphonic ester (ref. 2) : 

0 

3) Action of an acid chloride on a quinone ( r e f .  3) : 

0 
I1 

I 
C 1 - P - C 1 + 0  = o = o  - 

R 

It i s  in t e re s t ing  t o  note t h a t  t he  conventional method 

carboxylic polyesters,  consis t ing i n  the  act ion of a d iac id  

of synthesis of 

on a d i o l ,  cannot be 

used i n  t h e  case of t he  organophosphoric compounds. The presence of a phos- 

phorus atom i n  the  molecule diminishes the  r e a c t i v i t y  of t he  f r ee  hydroxyl groups 

contained i n  t h e  monoester molecule, and a single hydroxyl can be e s t e r i f i e d  

(ref. 1). 

t h i s  means. 

It i s  impossible, therefore ,  t o  obtain a phosphonic polyester by 

The methods described have the  fur ther  disadvantage of rendering some 

polymers r a t h e r  poorly defined and variable,  depending on t h e  pa r t i cu la r  author 

and manner of operation. 

The reac t ion  of acid chlorides on d io ls  i s  v io len t  and unamenable t o  con- . 
t r o l .  

t h e s i s  i n  l a rge  quant i t ies .  

It i s  d i f f i c u l t  t o  use  t h i s  method if  one wishes t o  car ry  out  t he  syn- 

It i s  more eas i ly  rea l ized  i n  solut ion,  bu t  t he  

/20 

n 
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presence of solvents i s  an extreme disadvantage; t he  complete elimination of +,he 

solvent i s  very tedious and cost ly ,  besides which it i s  d i f f i c u l t  t o  obtain a 

polymer of high molecular weight. 

Preparation of t he  polyester by alcoholysis would be more in t e re s t ing ,  were 

it not for t h e  disadvantage, as we w i l l  see presently,  t h a t  it i s  accompanied 

by secondary react ions in t he  case of t h e  a l i p h a t i c  d io ls .  

The importance of f inding a synthesis based on t r a n s e s t e r i f i c a t i o n  without 

concomitant secondary react ions has motivated u s  t o  p u r s u e  t h i s  l i n e  of 

re  search . 
The term t r anses t e r i f i ca t ion  u s u a l l y  encompasses three  r a the r  d i s t i n c t  

react ions : 

1) The replacement of an alcohol i n  an ester by another alcohol,  i .e. ,  

alcoholysis : 
0 0 
II II 

I I 
R' R' 

ROPOR + 2 R"OH - R " 0  P OR" + 2 ROH 

2) The replacement of an acid i n  an e s t e r  by another acid,  i .e . ,  

acidolysis :  

0 0 0 0 
II II I1 II 

HO P OH + 2 RCOR" -R"O P OR" + 2 R C OII 
I 

R' 
I 

R' 

3) So-called t r u e  t r anses t e r i f i ca t ion ,  or t h e  exchange of alcohols between 

two es t e r s :  

0 0 0 
II II II 

I I 
R' R' 

RO P OR + 2 R"C0R"' - R"'0 P O R "  + 2 R COR.  
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The three  modes of e s t e r i f i c a t i o n  have been systematically investigated,  

t he  r e s u l t s  being summarized i n  the  present work. 

111. EXPERIMEIVTAL TECHNIQUES 

The various experiments with alcoholysis,  acidolysis ,  and t r anses t e r i f i ca -  

t i o n  were car r ied  out under the following conditions: 

111.1. Apparatus 

The apparatus consisted of a round bottom f l a s k  from 50 t o  100 cm3 capacity, 

equipped with a tube for t he  inflow of nitrogen j u s t  below the surface of t he  

l i qu id  ( t h i s  tube posit ion prevents the excessive entrainment of vapors from 

the  invest igated product) and another tube intended f o r  co l lec t ion  the  v o l a t i l e  

products 

This tube has a bulb t h a t  serves a s  an ambient temperature t rap ;  it i s  

followed by two more t raps ,  which a re  successively cooled by i c e  water and l i q -  

uid nitrogen. After the  t h i r d  t r a p  i s  a round bottom f l a s k  serving a s  a n i t ro -  

gen reserve ( f ig .  1) , i n  order t o  prevent any ingress of a i r  during the  reaction. 

Atrnosphire 
4 

Figure 1. Apparatus Used f o r  Transester i f icat ion.  

A) S a l t  Bath; B) Ambient; C )  Icewater; D) Liquid Nitrogen 

I n  t h e  case of t r anses t e r i f i ca t ion  a t  300°C, the  f i r s t  tube was encased i n  

a s t r a i g h t  tube r i s i n g  high enough t o  ensure relux of the  most v o l a t i l e  reagents. 

5 



111.2. Procedure 

1/10 mole of t he  reagent t o  be studied was placed i n  the  round bottom re- 

act ion f lask,  i n  which 1/1000 mole of anhydrous magnesium chloride was added. 

The f l a s k ,  connected t o  the  various t r aps  and subjected t o  pr ior  evacuation of  

a l l  t races  of air by prolonged bubbling with res idua l  nitrogen, w a s  immersed i n k  

a thermostat, which was regulated within 22' of the  desired temperature. 

The duration of t he  react ion was set a r b i t r a r i l y  a t  6 hr.  

A t  the conclusion of each operation, t he  contents of t he  traps were ex- 

amined w i t h  an infrared spectrograph, following the  customary procedure. I n  

par t icu lar ,  the  so l id  products were invest igated i n  p e l l e t  form i n  a m i x t u r e  

with potassium bromide. 

111.3. Alcoholysis 

The t e s t s  described i n  t h i s  sect ion have already been discussed i n  a repor t  

t o  the  Academy of  Sciences ( r e f .  4), so t h a t  w e  w i l l  confine ourselves t o  a 

b r i e f  exposition. 

The alcoholysis of phosphonic e s t e r s  i s  not an easy matter, as it requires  

A l l  of t h e  alcoholysis 

Four types of  alcoholysis were studied: 

an elevated temperature and the  presence of a ca ta lys t .  

experiments were carr ied out a t  200OC. 

1) a l ipha t ic  diol i n  e thyl  butanephosphonate; 

2) hydroquinone i n  e thyl  butanephosphonate; 

3) a l ipha t ic  d i o l  i n  phenyl butanephosphonate; 

4) hydroquinone i n  phenyl butanephosphonate. 

An ident ica l  s e r i e s  of tes ts  was car r ied  out  with the  corresponding deriv- 

a t ives  of benzenephosphonic acid. 

Results: Phenyl butanephosphonate, l i k e  phenyl benzenephosphonate, y ie lds  

with hydroquinone the  exchange reac t ion  described by Coover and McCall. Only 

. 
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phenol i s  col lected,  and the  product of t h e  react ion i s  a polyphosphonate of 

hydroquinone. The polyphosphonate appears  i n  the  form of a s t icky,  more or less 

vicous brown so l id .  This alcoholysis i s  effected without secondary reaction. 

By cont ras t ,  the  d i e thy l  phosphonates i n  the  presence of hydroquinone lead 

t o  secondary products. I n  addi t ion t o  the  ethyl  alcohol l ibera ted  by the  ex- 

change react ion,  1,4-diethoxybenzene, e thy l  ether,  water, and t r aces  of ethylene 

are obtained; t h e  presence of phosphonic acid i s  observed i n  the  residue. 

These compounds a r i s e  from the  e the r i f i ca t ion  reac t ion  and the  reac t ion  of 

thermal degradation of t he  a l i p h a t i c  phosphonate. 

If t h e  hydroquinone i s  replaced by  an a l ipha t ic  d i o l ,  e t h e r i f i c a t i o n  be- 

comes the  pr inc ipa l  reaction. For example, with butylene glycol,  p r inc ipa l ly  

tetrahydrofuran i s  obtained. 

exchange react ion,  t he  l a t t e r  being more accentuated i n  t h e  case of t he  phenyl 

A port ion of the glycol r e a c t s  as p a r t  of t he  

phosphonates. The esters thus  obtained contain a high proportion of acids. 

111.4. Acidolysis 

Four t e s t s  were performed. I n  the  f i r s t  two, butanephosphonic acid was 

caused t o  a c t  i n  succession on glycol diacetate  and on hydroquinone diacetate;  

i n  t h e  o ther  two tests, benzenephosphonic acid was caused t o  a c t  on the  same 

diace ta tes .  

The acidolysis  reac t ion  takes  place according t o  the  following scheme, 

which relates t o  t h e  ac t ion  of butanephosphonic ac id  on glycol d iace ta te :  

0 0 0 
I I  It I I  

110 - P - 011 + CII,COCII,CH,OCCII, - 
CJI@ 

Butanephosp hon ic  G 1 yco I diacet at e 
acid 
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0 0 
II 

0 - CCII, + 2n CiI,COII. 11 0 - P-OCII,- CII ,  - 

Acetic acid 
[ i,,, 1 n " 

Ethylene glycol 
poly butane phosphonat e 

All of these react ions lead, a t  l e a s t  theore t ica l ly ,  t o  the  formation of a 

glycol polyphosphonate or hydroquinone of ace t i c  acid.  

v o l a t i l e  acid i n  the  t r a p s  i s  a c l ea r  ind ica t ion  t h a t  the  desired reac t ion  has 

taken place. 

The presence of t h i s  

I n  every case, the  residue appears i n  t h e  form of a very viscous paste,  

going over t o  a so l id  only i n  the  case of t he  hydroquinone polybutanephosphonate. 

The r e s u l t s  of these tes ts  a re  summarized i n  t a b l e  I. 

The ..ti;idolysis reac t ion  i n  the  presence of magnesium chloride occurs i n  the  

four  cases a t  2OOOC much more readily than  alcoholysis.  

f o r  the  hydroquinone ace ta te  than for the  glycol  acetate .  This phenomenon may 

be a t t r ibu ted  t o  the  difference i n  v o l a t i l i t y  of t h e  i n i t i a l  products. W e  w i l l  

e laborate  on t h i s  i s sue  during the  discussion of t r anses t e r i f i ca t ion .  

It i s  more complete 

W e  were unable t o  f ind  any t r a c e  of t h e  products of degradation capable of 

proceeding f romthe  decomposition of one of t he  reagents present during the  

course of the reac t ion  o f  t he  phosphonic acids  t o  t h e  glycol  acetate .  

contrary,  during the  react ions of the  two acids  with the  hydroquinone d iace ta te ,  

t r aces  of an unident i f iable  gas were produced i n  the  l i qu id  nitrogen t r a p .  

On the  

IV. TRANSESTERIFICATION 

Two ser ies  of t e s t s  were car r ied  out,  one a t  200" and the  o ther  a t  300°C. 

I n  each ser ies  we used: 

- two e s t e r s  of  butanephosphonic ac id  (d ie thyl  ester and diphenyl ester);  

- two e s t e r s  of benzenephosphonic ac id  (d ie thyl  ester and diphenyl e s t e r ) .  

8 



~~ ~~ 

I n i t i a l  products 

Phosphonic 
acid 

Butane p ho s - 
phonic acid 

Butanepho s - 
phonic acid 

Benzene pho s I 
phonic acid 

Benz ene pho s 
phonic acid 

Carboxylic 
e s t e r  

glycol 
acetate  

hydroquinone 
ace ta te  

glycol 
ace ta te  

hydro quinone 
ace ta te  

TAEXIX I 

ACIDOLYSIS AT 2OOOC 

~ ~~ 

Ambient 
t r a p  

ace t i c  
acid 

ace t i c  
acid 

ace t i c 
acid 

ace t i c  
acid 

Reaction products 

Icewater 
t r ap  

- 

ace t i c  
acid 

- 

- 

Liquid 
nitrogen 

t r a p  

t r ace  of 
unidenti-  
f i e d  gas 

- 

t r ace  of 
unidenti - 
f i e d  gas 

Re s'idue 

brown l iqu id  with 
small amount of 
glycol acetate; ,  no 
more OH acids 

so l id  polymer 

viscous l iquid;  i n -  
complete react ion,  
polymer contains 
phosphonic acid 

black so l id  con- 
t a in ing  hydroqui- 
none ace ta te  and 
t r aces  of benzene- 
phosphonic acid 

Exchange had t o  occur respectivelybetween each of these e s t e r s  and two 

d iace ta tes ,  one a l i p h a t i c  (glycol diacetate)  and the other  aromatic (hydroquin- 

one d i ace t a t e ) .  

havior of each reagent used a t  t h i s  temperature, heated i n  t h e  presence of 

magnesium chloride.  

The t e s t s  a t  300" were preceded by an examination of the  be- 

, 

The r e s u l t s  of the  t e s t s  at 2OOOC are found i n  t a b l e  11, the  r e s u l t s  of 

t he  examination of t he  reagents a t  300" i n  t a b l e  111, and the  r e s u l t s  of t he  

t r a n s e s t e r i f i c a t i o n  t e s t s  a t  300" i n  tab le  I V .  The various experimental re- 

s u l t s  a re  discussed i n  the  ensuing pages. 
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I V . l .  Transester i f icat ion a t  2OOOC 

An examination of t ab le  I1 revea ls  t h e  onset of t r a n s e s t e r i f i c a t i o n  i n  the  

case of reac t ion  between the  d i e thy l  esters o f  the  two phosphonic acids  and the  

hydroquinone acetate .  Also noted i s  the  presence of t r a c e s  of v o l a t i l e  products 

i n  t h e  t r a p s  i n  t h e  case of react ion between e thy l  benzenephosphonate and glycol 

acetate .  These three reac t ions  w i l l  be analyzed i n  succession below. /24 
IV.1.1. Ethyl butanephosphonate and hydroquinone acetate .  - The presence 

of e thy l  ace ta te  i n  the  icewater t r a p  indicates  t he  onset of a react ion.  We 

note,  a t  t h e  same t i m e ,  t he  presence of products of degradation of t he  e thyl  

butanephosphonate, ethylene i n  the  l i qu id  nitrogen t r a p ,  e thy l  alcohol and ace t i c  

acid i n  t h e  icewater t r a p .  

An inf ra red  spectographic invest igat ion of the  l i qu id  residue gives equal  

evidence t o  t h e  onset of t r anses t e r i f i ca t ion .  I n  f a c t ,  t he  presence of hydro- 

quinone butanephosphonate fa i r ly  wel l  confirms t h i s .  

IV.1.2. Ethyl benzenephosphonate and hydroquinone acetate .  - I n  t h i s  case, 

we a l so  f ind  e thy l  ace ta te ,  e thy l  alcohol,  and a c e t i c  acid i n  the  icewater t r a p ,  

as wel l  as ethylene i n  the  l i qu id  nitrogen t r a p .  

analysis, t h e  residue i s  r i c h  i n  benzene nuclei, which would tend t o  ind ica te  

According t o  inf ra red  spec t r a l  

t h e  formation of hydroquinone benzenephosphonate. 

I V . l . 3 .  Ethylbenzenephosphonate and glycol  acetate .  - There i s  no s ign 

of t r a n s e s t e r i f i c a t i o n  i n  t h i s  case; t he  residue of t he  reac t ion  remaining un- 

a l t e r ed ,  one can a t t r i b u t e  t h e  presence of t r a c e s  of e thy l  alcohol, water, and 

a c e t i c  ac id  i n  the  icewater t r a p  and ethylene i n  t h e  l i qu id  nitrogen t r a p  t o  

degradation of t he  e t h y l  benzenephosphonate. 

I n  summary, it may be asser ted t h a t  a t  2OOOC there  i s  an inc ip i en t  t rans-  

e s t e r i f i c a t i o n  react ion,  fur ther  accompanied by a ce r t a in  degradation of t he  



phosphonic e s t e r s  i n  the  case when the  d i e thy l  e s t e r s  of  t he  two phosphonic . 
acids  a re  caused t o  a c t  on t h e  hydroquinone acetate .  

The reaction i s  very advanced i n  the  case of e thy l  benzenephosphonate. 

I n  the case of e thy l  benzene phosphonate ac t ing  on glycol  ace ta te ,  t he re  i s  

no t r anses t e r i f i ca t ion ,  j u s t  decomposition of the  e thy l  benzenephosphonate. 

I V . 1 . 4 .  S t a b i l i t y  of t h e  invest igated reagents a t  300°C. - The various 

reagents were heated t o  300°C over a period of four  hours i n  the  presence of 

1/100 mole magnesium chloride under conditions iden t i ca l  t o  those of t he  

t r anses t e r i f i ca t ion  experiments. 

resul ts  of these t e s t s ,  leads t o  the  following asser t ions:  

- Glycol ace ta te  i s  not subject t o  decomposition. 

- Hydroquinone ace ta te  tu rns  brown and i s  e a s i l y  sublimated. 

- Ethyl butanephosphonate i s  not subject  t o  appreciable decomposition, 

although t r a c e s  o f  ethylene are evident i n  the  l i qu id  nitrogen t r a p .  

Examination of t a b l e  111, which presents the  

- Phenyl butanephosphonate remains p r a c t i c a l l y  unaffected, although i t s  

color tu rns  brown. 

- Ethyl benzenephosphonate undergoes r a t h e r  intense decomposition. The 

presence of alcohol i s  evident i n  t h e  icewater t r a p ,  and a s ign i f i can t  

amount of ethylene i s  present i n  the  l i qu id  nitrogen t r a p .  The residue 

i s  made up of two layers ,  an upper co lor less  l i qu id  layer of benzene and 

a lower so l id  brown layer of benzenephosphonic acid.  

It i s  also apparent t h a t  i n  t h e  case of t r a n s e s t e r i f i c a t i o n  such an intense 

Phenyl benzenephosphonate remains essential-  decomposition does not take place. 

l y  unchanged; nevertheless,  t he re  a r e  t r a c e s  of phenol i n  t h e  ambient tempera- 

t u r e  t r a p .  

16 



Cbnclusion: The two ethyl phosphonates undergo decomposition after heat- 

ing f o r  four hours a t  300°C. 

cant degradation, whereas the  ethylbutanephosphonate only j u s t  begins t o  de- 

conp ose under the  same conditions. 

The ethylbenzenephosphonate undergoes a s ign i f i -  

N.2. Transester i f icat ion a t  300°C 

A s  suggested by t h e  results of t r anses t e r i f i ca t ion  a t  2OO0C, only the  ex- 

change react ions between the  e thy l  e s t e r s  o f  t h e  two phosphonic acids and t h e  

hydroquinone acetate  lead t o  a s igni f icant  yield of e thy l  acetate  and poly- 

phosphonates of hydroquinone (see t ab le  I V )  . 
These react ions a re  accompanied by secondary e f f ec t s ,  including the  forma- 

t i o n  of ethylene, carbon dioxide, carbon monoxide, e thy l  alcohol, ace t i c  acid 

and ace t i c  anhydride. 

I n  a l l  other cases, as shown i n  tab le  I V ,  there  i s  no reac t ion  between 

esters; only the  presence of products of the decomposition of t he  i n i t i a l  

reagents i s  observed i n  the  t r a p s .  

can be explained a s  follows: 

The presence of ethylene and ace t i c  acid 

On decomposing, t he  e thyl  phosphonates y ie ld  ethylene phosphonic acid. 

According t o  Canavan, Dowden, and Eaborn (ref. 5),  t h i s  decomposition proceeds 

according t o  the  following mechanism: 

This represents  an elimination of  the p c i s  posi t ion,  t h e  generally ac- 

cepted r u l e  f o r  explaining t h e  decomposition of  polyesters having t h e i r  hydro- 

gen atoms attached t o  a carbon atom si tuated i n  the  p posi t ion of t h e  carboxyl 

(ref. 6). 



The phosphonic acid thus formed decomposes the  ace ta te  by acidolysis ,  

forming a phosphonate or polyphosphonate of ace t i c  acid. 

Canavan and h i s  co-workers explain t h e  formation of e thyl  alcohol and water 

by  the  following mechanism: 

0 0 0 
II II II 

I I I 
2 110 - P - OEt  -c 110 - P - 0 - 1’ - OEt  + E l 0 1 1  

0 0 0  
II II II 

I I I  
0 0 
II II 

I I 

2 110 rom -. Eto Po P o E t  + II,O 

I10 P OEt + II,O -3 I10 1’011 + El011 

and, ultimately, t he  debutylation of t he  phosphonic acid i n  terms of t he  f o l -  

lowing mechanism: 

The formation of ace t i c  anhydride might be a t t r i bu ted  t o  dehydration of t he  

ace t i c  acid i n  t he  presence of a more or less condensed phosphonate. 

such a phosphonate contains an anhydride funct ion which can be transformed in to  

a phosphonic acid, depending on t h e  water supplied t o  the  ace t i c  acid (see t h e  

scheme of Canavan and co-workers) . 

In f a c t ,  

The t races  of CO a re  probably formed by very weak decarboxylation of t he  2 

ace t i c  acid a t  t h i s  temperature. 

CO was found i n  t r aces  and i t s  presence should be ver i f ied .  
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.The mechanism of t r anses t e r i f i ca t ion  can be explained by t h e  following 

considerations: 

Examination of t ab le s  I1 and I V ,  e s p e c i a l l y t h e  la t ter ,  leads t o  t h e  as- 

sumption t h a t  t r anses t e r i f i ca t ion  does not occur with appreciable in t ens i ty  ex- 

cept i n  the  case of t he  e thyl  phosphonates act ing on hydroquinone acetate.  

There i s  a l so  an inc ip ien t  e s t e r i f i c a t i o n  i f  e thy l  benzenephosphonate i s  allowed 

t o  a c t  on butanediol diacetate .  I n  the  case of e thy l  butanephosphonate ac t ing  

on butanediol diacetate ,  t he  react ion i s  considerably l e s s  advanced. 

I n  every case, however, we de tec t  t h e  presence of ethylene, so t h a t  there  

occurs a decomposition r e su l t i ng  i n  the  formation of a free phosphonic acid. 

Supplementary experiments were run, furnishing addi t ional  arguments i n  favor of 

t h i s  postulate.  

1. Benzenephosphonic acid was allowed t o  a c t  on e thy l  benzenephosphonate 

a t  300°C for s ix  hours. 

and 72% benzene was recovered i n  the  icewater t r a p  and ethylene i n  t h e  l i qu id  

nitrogen t r a p ,  as products o f  t he  reaction. 

A m i x t u r e  containing 28% by weight of e thyl  alcohol 

Heated under the  same conditions, the e thy l  benzenephosphonate yielded 

o n l y t r a c e s  of e thyl  alcohol. The presence of f r e e  phosphonic acid c l ea r ly  

promotes the  formation of phosphonic acid from i t s  e thy l  ester. 

2. S ix  millimoles of ace t i c  acid were allowed t o  a c t  on 50 millimoles of 

ethylbutanephosphonate for s ix  hours. 

formation of equal amounts by weight of alcohol and e thy l  alcohol. 

of t he  residue w a s  very s l i g h t l y  higher than t h a t  of t he  i n i t i a l  mix tu re .  

e thy l  butanephosphonate does not decompose even a t  300°C ( tab le  111). 

experiment proves t h a t  even the  presence o f  a carboxylic acid leads t o  the  for- 

mation of free phosphonic acid,  beginning with i t s  e thy l  ester. 

The r e s u l t  of t h i s  react ion was the  

The a c i d i t y  

B u t  

This 



I n  the  course of t h e  t r anses t e r i f i ca t ion  experiments, we were never ab le  t o  

claim a t rue  e s t e r i f i c a t i o n  reaction; on the  contrary, every t i m e  t h a t  acidoly- 

s is  was possible a react ion occurred. 

it i s  necessary to  have the  formation of f'ree phosphonic acid. 

B u t  i n  order f o r  acidolysis  t o  take place 

Free phosphonic acids could not form except from t h e i r  e thy l  esters and 

there  would not be a react ion except i n  t h e  case of these esters. 

This reaction was always accompanied by a more o r  l e s s  intense production 

Moreover, the  presence of a f'ree acid aguments of ethylene and e thyl  alcohol. 

t he  r a t e  of  formation of t he  phosphonic acids from t h e i r  e thy l  e s t e r s .  

I n  the  case of the  phenyl phosphonates, which were s tab le  a t  t he  experi- @ 

mental temperatures, it w a s  not possible t o  de tec t  t he  s l i g h t e s t  exchange re -  

action. The formation of e thyl  ace ta te  i n  the  case of t he  reac t ion  of e thy l  

butanephosphonate with hydroquinone acetate  can be explained by a mechanism 

other  than t ranses te r i f ica t ion .  

I n  f a c t ,  we have e a r l i e r  witnessed how the  e thy l  alcohol could be formed; 

t h i s  e thy l  alcohol i n  the  presence of ace t i c  acid i s  transformed i n t o  e thyl  

acetate .  The l a t t e r  hypothesis i s  supported by the  presence of alcohol and 

ace t i c  acid i n  the  t r a p s .  

Another question presents i t s e l f .  Why i s  there  a reac t ion  when t h e  phos- 

phonic e s t e r s  a re  i n  the  presence of hydroquinone and no reac t ion  when t h e  same 

e s t e r s  are placed i n  contact with glycol ace ta te?  

It has already been remarked i n  the  case of acidolysis  t h a t  t h e  reac t ion  

w a s  less advanced with glycol acetate .  

another phenomenon intervenes. Hence, while there  i s  no reac t ion  between the  

phosphonic e s t e r s  and the  glycol ace ta te  a t  300°C, t he re  i s  the  beginning of a 

reac t ion  between the  e thyl  benzenephosphonate and t h e  butanediol d iace ta te  

( t ab le  V) . 

I n  the  case of t r anses t e r i f i ca t ion ,  

20 



0 
d 

I I 

21 



Noting the  boi l ing  points of t he  various reagents present, it tu rns  out 

t h a t  glycol diacetate  b o i l s  a t  190°C and butanediol d iace ta te  a t  224' a t  760 m 

Hg pressure. It i s  apparent t h a t  a m i x t u r e  of a medium which b o i l s  a t  1-90' and 

a heavier medium immersed i n  a bath a t  300" w i l l  never reach t h i s  temperature. 

Consequently, it i s  l i k e l y  t h a t  i n  t h i s  case the  tempera ture  of decomposition 

of the  ethyl  phosphonates i s  not reached. 

If hydroquinone acetate ,  which b o i l s  a t  370-380" a t  760 m Hg pressure, i s  

used, such decomposition takes  place and there  i s  a reaction. 

The higher r e a c t i v i t y  of t he  e thyl  benzenephosphonate r e l a t i v e  t o  e thyl  

butanephosphonate could a l so  be explained by the  la rger  v o l a t i l i t y  of t he  l a t -  

t e r  compound. 

Following are the  boi l ing  points of t he  two indicated esters: 

- Ethyl butanephosphonate: E 1 mm = 74°C. 

- Ethylbenzenephosphonate: E 0.3 m = 100'C. 

v. CONCLUSION 

The authors are  incl ined t o  regard the  synthesis of  poly-phosphonates, both 

i n  t h e  alcane ser ies  and i n  the  arylphosphonic se r i e s ,  as f o r  t he  most p a r t  ex- 

tremely d i f f i c u l t .  However, such a method has been the  subject  of a comunica- 

t i o n  by Coover and McCall (ref. 2 ) ,  who prepared phosphonic polyesters by t h e  

ac t ion  of phenyl esters on diphenols. 

Inasmuch as the  preparation of polyphosphonates by t r a n s e s t e r i f i c a t i o n  

presents numerous advantages, an attempt has been made i n  the  present work t o  

examine t h e  various p o s s i b i l i t i e s  f o r  t h i s  method of synthesis. 

th ree  methods of t r anses t e r i f i ca t ion  have been t e s t ed  experimentally and d i s -  

cussed: alcoholysis, acidolysis ,  and t r a n s e s t e r i f i c a t i o n  proper. 

The following 
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V.l. Alcoholysis 

The diphenyl phosphonates combine with hydroquinone i n  the  presence of 

magnesium chloride a t  2OOOC t o  give the  exchange reac t ion  described by Coover 

and McCall. This react ion occurs without t he  formation of secondary products. 

I n  the  presence of hydroquinone, t he  diethyl  phosphonates lead t o  second- 

a ry  react ions r e su l t i ng  i n  t h e  formation of  e thers ,  ethylene, e tc .  If the  hy- 

droquinone i s  replaced by a l ipha t i c  d io ls ,  e the r i f i ca t ion  becomes the  pr inciple  

reaction. 

V.2. Acidolysis 

The acidolysis  reac t ion  takes  place a t  2OOOC i n  t he  presence of magnesium 

chloride much more readi ly  than alcoholysis, both with hydroquinone d iace ta te  

and with glycol diacetate .  

diacetate .  

It i s  more complete, however, f o r  t he  hydroquinone 

The synthesis of polyphosphonates by acidolysis of t he  carboxylic d i e s t e r s  

by butane- and benzenephosphonic acids occurs without t h e  formation of secondary 

products . 
V. 3. Transester i f icat ion 

The preparation of polyphosphonates by t h i s  method i s  more d i f f i c u l t  t o  

r e a l i z e  than by alcoholysis or acidolysis.  

slow; it i s  more rapid a t  300". 

A t  2OOOC the  react ion i s  extremely 

It does not take place except i n  the  case of t h e  d ie thyl  phosphonates. B u t  

t h e  d i e thy l  phosphonates decompose a t  300°, giving r ise  t o  the  phosphonic aeids,  

ethylene, and other  secondary products ident i f ied  i n  the  course of these 

react ions.  

It w a s  demonstrated i n  various supplementary invest igat ions t h a t  t ranses-  

t e r i f i c a t i o n  never t ranspi res  i n  the  absence of f r ee  phosphonic acid. 
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It is probably that  the t r a n s e s t e r i f i c a t i o n  between t h e  phosphonic d i e s t e r s  

and t h e  carboxylic d i e s t e r s  i s  a very slow reac t ion  a t  the  temperatures inves t i -  

gated. It almost f a i l s  t o  occur a t  a l l ,  other  than in the  case when degradation 

of t h e  phosphonic ester y ie lds  phosphonic acid. 

place very readily.  

I n  t h i s  case, acidolysis  takes  

In conclusion, it may be asser ted t h a t  t r u e  t r anses t e r i f i ca t ion  p e r  se 

never occurs. It i s  eas i e s t  t o  produce phosphonic polyesters by acidolysis .  

I n  the event t h a t  one should wish t o  p r e p a r e  a polyester of a diphenol, 

alcoholysis can be used providing a diphenyl phosphonate i s  employed. The 

alcoholysis reac t ion  i s  slower, a l l  other  conditions being equal, than t h e  

acidolysis  reaction. 

REFERENCES 

1. Korshak, V. V., Gribova, I. A. and M. A. Andreyeva. Izv. Akad. Nauk SSSR, 

Otd. Khim. Nauk, No. 7, p. 880, 1958. 

Sci. USSR, Div. Chem. Sci.,  No. 7, p. 853, 1958. 

English t rans la t ion :  B u l l .  Acad. 

2. Coover, N. W. and M. A. McCall. U. S. Patent  No. 268 2521. Chem. Abstr., 

V o l .  48, No. 11112c, 1954. 

3. Wegler, R., KUhle, E. and W. Schbfer. Z. Angew, Chem., Vol. 70, No. 12, 

P *  351, 1958. 

4. Runavot, Y., Schneebeli, P., Charrier, D. and R. Ramain. 

253, ppo 1573-1574, 9 October 1961. 

Compt. Rend., Vol. 

5. Canavan, A. E., Dowden, B. F. and C.  Eaborn. J. Chem. SOC. (London), pp. 

331-334, January 1962. 

6. Grassie, N. The Chemistry of t h e  High Polymer Degradation Processes. 

Butterworths, London, 1956, p.  287. 

Translated f o r  NASA by Stemar Engineering, Inc. 
4940 Long Beach Blvd., Long Beach, Cal i fornia  

NASA-Langley, 1965 F-379 24 


